Solar phase curves for Rhea are presented using new telescopic opposition data along with Voyager imaging observations. Two viable solutions were found to Hapke's model (1986, Icarus 67, 264-280) which was used to describe this phase curve. The porosity derived from the model's opposition parameters show that the optically active portion of Rhea's regolith has a porosity between 80 and 95%, which is slightly lower than the porosity seen on Europa and higher than the porosity measured for the Moon using similar methods. The macroscopic roughness is comparable to that measured by Verbiscer and Veverka (1989, Icarus 82, 336-353) for Rhea. The single-particle scattering functions found in this study are predominantly forward scattering, which contradicts the results of Verbiscer and Veverka (1989). ¢
I. INTRODUCTION

Modeling
of global surface brightness variations with viewing geometry has been applied to many of the icy satellites of the outer Solar System (Buratti 1984 , 1985 , Buratti and Veverka 1983 , 1984 , Buratti et al. 1988 , 1990 , Domingue et al. 1991 , Helfenstein 1986 , Helfenstein et al. 1988 , Verbiscer and Veverka 1989 , Veverka et al. 1987 
II. BACKGROUND
Photometric Model
Hapke's model (1986) has been used to describe the solar phase curves of many solar system objects. The parameters of this model include w, the single scattering albedo, and the opposition effect parameters B o (amplitude) and h (width). B o, the opposition spike amplitude, is related to the percentage of light scattered from the surface of a particle. For B o = l all the light is scattered from the surface (Hapke 1986) . Parameter h is a measure of the width of the opposition spike and is related to the particle size distribution and porosity within the regolith.
In this analysis, we assume that the opposition effect is due to shadow-hiding rather than coherent backscatter (MacKintosh and John 1988, Hapke 1990) . Using a simple method for comparing these sources of the opposition effect, Domingue (1992) showed that porosities derived from h (assuming the same particle size distribution) are similar regardless of the exact mechanism. (1981, 191q4) and Goguen (1981) et al. (1974) and found that the two phase curves were consistent within the overlapping 
III. DATA AND ANALYTICAL METHODS
The data used in this project include telescopic observations of Rhea and disk-integrated measurements from Voyager I and II spacecraft images.
Earth-Based Observations
The new Rhea telescopic data presented here cover the leading hemisphere and were obtained between 1976 and 1986 (Lockwood et al. 1980 and are listed in pixels within the disk of the satellite. The uncertainty in locating the disk of the satellite in the image frame and vidicon bleeding effects result in a 1-2% uncertainty in the integral data due to this data collection technique. The overall error bars in the Voyager disk-integrated data set run between 10 and 15%.
The disk-integrated brightness (I/F) values were fi-st converted to magnitudes (M) using the relationship I/F --10 -0"aM. We then corrected the magnitude values using the method of Domingue et al. (1991) . The corrections, in sequence, were as follows:
(1) Using the curve in Fig. 3 for the green and orange filter data, and the curve from Fig. 4 for the clear and blue filter data, we adjusted the magnitudes of all the images used to 270°rotational phase angle.
(2) The blue and orange filters have effective wavelengths within -+0.03 _m of the clear (0.47 _m) and green (0.55 p_m) filters, respectively.
By comparing magnitudes at similar solar phase angles, relative corrections were found to match the blue filter data to the clear filter data, and the orange filter data to the green filter data. The data from these filters were combined in order to increase phase angle coverage and number of observations at these two wavelengths which correspond to those of the telescopic data.
(3) We found that the narrow and wide angle camera images gave the same magnitudes at similar phase angles; thus no adjustment had to be made for differences between Voyager cameras.
(4) Likewise, Voyager I and II images gave similar results at similar phase angles; thus no relative adjustments were required for images from the two spacecr_ ft. 
9.
A plot of the porosity function P = exp (-8h/3Y) versus the ratio of the largest to the smallest particle radii, where (5) By comparing magnitudes at overlapping solar phase angles, a discrepancy was found between the telescopic and Voyager data sets. A correction was applied to the Voyager data to place it in agreement with the telescopic data.
(6) Finally, the leading hemisphere data were corrected to 90°rotational phase angle and separated from the trailing hemisphere data so that each hemisphere could be examined individually. Except for the images at 135°solar phase angle, the magnitudes listed for those images with O between 0°and 180°have been corrected to a rotational phase angle of 90°, and those images with 0 between 270°a nd 360°have been corrected to a rotational phase angle of 270°. Since the illuminated portion of the disk of the a = 135°images are of the leading hemisphere (Verbiscer and Veverka 1989), these images were corrected to both rotational phase angles and used in the solar phase curves of both hemispheres.
This division of images into leading and trailing hemisphere does not fully separate out the two hemispheres.
Due to the viewing geometries, some of the images with subspacecraft positions near 0°and 360°l ongitude have portions of both hemispheres illuminated. However, with the corrections for rotational phase used here the divisions are valid to first order.
The corrections applied to the Voyager data, excluding those for rotation and wavelength, are listed in Table I . The resulting magnitudes define the phase curves used in the analysis. For the clear filter images at a = 135°, Verbiscer and Veverka (1989) corrected for rotational variations using their global albedo map. We included the result: ng magnitude they found at a = 135°in our phase curves for comparison and completeness (differences in normalization were accounted for by setting the magnitudes of the phase curves equal at 68°).
IV. RESULTS
Photometric Model
The phase curves generated from the data discussed above were examined using Hapke's model (Hapke 1981 (Hapke , 1984 (Hapke , 1986 ). The single-particle scattering function used was a double-lobed Henyey-Greenstein function given by
_2)
The parameter values for Rhea given in Table II were found using a modified least-squares grid search method (Domingue et al. 1991). Porosity and surface roughness are independent of wavelength. Thus, constraints were placed on the solutions such that for a particular hemi- 
,, ,, Table 11 . The solid and long-dashed lines represent Rhea's leading hemisphere (solutions 1 and 2, respectively). The dotted and dash-dot lines represent Rhea's trailing hemisphere (solution I and 2, respectively).
The dashed and dash-dot-dot lines represent Europa's leading and trailing hemispheres, respectively. Also included are the scattering curves for newly fallen snow in calm (circles) and terrestrial surface frost (triangles) found by Verbiscer and Veverka (1990) .
sphere the values of h and 0 are also independent of wavelength. All solutions with RMS residuals within 1% of the lowest RMS residual, and for whom values of h and 0 do not vary with wavelength, are considered viable solutions to the model. Two viable solutions were found which met these criteria and are listed in Table II . The residuals in Table II are 
where mti is the calculated magnitude at phase angle c_i, and rnai is the observed magnitude at the same phase angle. Figures 5 through 8 compare data with theoretical curves.
Opposition Effect
The opposition effect is described by two parameters, Be and h. The values of Be for Rhea are between 0.42 and 0.52, indicating that the particles on the surface of this satellite are partially transparent, as expected from water ice or frost. Using this same model, Verbiscer and Veverka (1989) found a value of 0.656 for Be on Rhea. The slight differences in the values between their results and ours are due to the differences in the two data sets at small phase angles. Similarly, a low value of Be was found for Europa (0.5) (Domingue et al. 1991 et al. (1988) found h values of 0.018 and 0.061 for Titania and Umbriel. Buratti and Veverka (1984) found h values of 0.4 for Enceladus and Rhea, and a value of 0.7 for Mimas. However, the h parameter in the model used by Buratti and Veverka (1984) does not exactly correspond to h values in Hapke's 1986 model.
The parameter h is related to porosity and particle size distribution by (1994) showing the scattering properties of irregular particles. Also shown are the regions of b and c values for Europa's leading (gray box) and trailing (black box) hemispheres along with Rhea's leading and trailing (hash-marked box) hemisphere. The numbers correspond to the following particle types: (I) smooth, clear, spherical, (2) low density of internal scatterers, (3) irregularly shaped, (4) rough-surfaced dielectric, (5) agglomerates, (6) smooth-surfaced metal, (7) medium density of internal scatterers, (8) high density of internal scatterers, (9) roughsurfaced metal.
where P is the porosity and Y is a function dependent on the particle size distribution. Figure 9 shows the porosity functions for Europa, Rhea, and the Moon using Y = Vr3/ln(rl/rs). This expression for Y was used since it describes the typical particle size distribution resulting from comminution processes and has been shown to characterize the lunar regolith (Bhattacharya et al. 1975; Hapke 1986 ). Table  I1 . This image has a solar phase angle of 26.76°. Table  11 . This image has a solar phase angle of 68.14°.
Regardless of the ratio of the largest to smallest particles
(I -c') (I -b2) (1 + C') (I --b 2) P(a) = 2(1 + 2b cosa + b2)3/2 l-2(1 -2b cosc_ + b2) 3/2" 
The values of b for both equations are the same. phologies lie in a narrow region on this plot running from high internal scattering at one end to smooth at the other. As shown in the figure, b and c values for Europa are consistent with surface particles being rough-surfaced and having a large amount of internal scatterers. This agrees with the disk-resolved results of Domingue and Hapke (1992) . The fact that the b and c values for Rhea (and Europa) do not lie within the region outlined by McGuire and Hapke (1994) may indicate that the surfaces of these satellites are composed of a mixture of particle types rather than a single particle type. In keeping with the highly forward-scattering nature of its single-particle phase function, both hemispheres of Rhea have b and c values which appear to correspond to rough-surfaced, irregular particles with little or no internal scatterers.
Both Buratti and Veverka (1984) and Verbiscer and Veverka (1989) used a single-parameter HenyeyGreenstein function for their single-particle scattering function and found that the scattering function was backscattering.
Verbiscer (1991) used a two-term Henyey-Greenstein function in her analysis of Rhea and found that the single-particle scattering function was also backscattering.
Because of the discrepancy between those results and ours, we went back and looked specifically for solutions to Hapke's model that would fit our data and also give a backscattering particle-scattering function. We did find some solutions to Hapke's model using l he double-lobed Henyey-Greenstein function which tad equivalent back-and forward-scattering lobes in the scattering function, but those solutions had larger RMS residuals. The error bars on b and c reflect the variations found in the different viable solution sets to Hapke's model as applied to Rhea's phase curves. We did not find any viable solutions that had a larger backscattering lobe compared to the forward-scattering lobe which met the criteria that h and 0 not vary with wavelength. This is highly unusual. The surfaces of the icy satellites, to date, have all shoa,n backscattering particle-scattering functions. Verbiscer et al. (1990) have shown that in order for an icy surf_ce to have a backscattering particle-scattering function, Ihe frost or ice on the surface must be backscattering, unlike terrestrial frosts or snows. They have also shown that adding a darker component to provide the backscattering characteristic to an icy surface requires unrealistic values of the single scattering albedo. Therefore we interpret our results to signify a difference in the structure between lhe frosts on Rhea versus the other icy satellites.
Roughness
Our measured values of 0 for Rhea were between 13°-3°and 16°-3°. These values agree (within the error bars) with the global disk-integrated results (0 = 13°-5°) of Verbiscer and Veverka (1989) . Verification of our disk-integrated measured value for 0 was obtained by a first-order disk-resolved analysis of several Voyager images. Figures 13 and 14 show examples of equatorial scans across the photometric equator of clear filter images taken at 68.14°and 26.76°phase angle compared to the theoretical model with the parameter values given in Table  II . Figure 15 is a similar comparison of a scan along the mirror meridian of the clear filter image taken at 68.14°p hase angle. Slightly better fits to the meridian scan can be obtained by increasing the value ofw by -+0.005, which is within the error bars of our solutions. Changing the value of 0 does not affect the goodness of fit to the meridian scan. Verbiscer and Veverka (1989) found evidence for a hemispherical roughness dichotomy in their more extensive disk-resolved analysis. However, neither Verbiscer and Veverka's (I 989) nor our disk-integrated analyses demonstrated this dichotomy. Our values for 0 are midway between the values found by Helfenstein and Veverka (1987) for the Moon (0 = 20°) and Domingue et al. (1991) for Europa (0 = 10°). Our values are closer to that found for Umbriel (0 = 18 -+ 3°) by Buratti et al. (1990) . With the exception of Triton, for which Hillier et al. (1991) found a0 value of-11°, many of the icy satellites have 0 values similar to the Moon's or higher. Helfenstein et al. (1988) found values of 0 for the uranian satellites ranging from 42°for Ariel to 19°for Umbriel. Buratti (1985) found a0 value of 30°for Mimas. Therefore, Rhea's surface appears to be smoother than the majority of icy satellite surfaces, with the exceptions of Europa and Triton.
V. DISCUSSION Spectroscopic measurements show that both Europa and Rhea have surfaces composed predominantly (>90%) of water ice and frost (Pilcher et al. 1972; Fink et al. 1973 Fink et al. , 1976 Johnson et al. 1975; Pollack et al. 1978; Clark 1980; Clark and McCord 1980; McFadden et al. 1980; Clark and Owensby 1981) . This conclusion supports the results of our photometric analysis, in that both satellites have: (1) high single-particle scattering albedos, as expected of water ice or frost grains, and (2) fairly small Bo values, also as expected since neither water ice nor frost is opaque at 0.47 or 0.55 _m.
Photogeologic examinations of Voyager images indicate that Europa has a smoother surface than Rhea at kilometer scales. The 0 values for Rhea are intermediate between the Moon and Europa. The lower value of 0 for Europa than for Rhea simply indicates that the greater smoothness evident at kilometer scales also extends to millimeter and centimeter scales.
The differences between Europa's and Rhea's singleparticle scattering functions are also of interest. Figures  10 and I I show that, for both hemispheres of Europa, the single-particle scattering function is predominantly backscattering with small amounts of forward scattering. Rhea, on the other hand, is predominantly forward scattering with a backscattering lobe comparable to Europa. Figure 12 shows what this implies in terms of particle types. Essentially, particles on both satellites are roughsurfaced and irregular, but those on Europa have more internal scatterers.
An examination of Rhea's surface morphology shows that one of the major regolith-forming processes is impact gardening. The presence of a leading-trailing hemispherical albedo dichotomy similar to that seen on the Galilean satellites also suggests that its surface has been modified by micrometeoritic gardening, ion sputtering, ion implantation, or a combination of these processes. These processes have been suggested as sources for the hemispheric albedo differences on the Galilean satellites (Lane et al. 1981 , Shoemaker and Wolfe 1982 , Clark et al. 1983 , Johnson et al. 1983 , Clark and Lucey 1984 , but would not necessarily produce different physical structures in the water ice and frost grains on Rhea and Europa. Examinations of terrestrial snow and frost show them to be strongly forward scattering (Veverka 1973 , Verbiscer et al. 1990 , Verbiscer and Veverka 1990 , as seen in Figs. 10 and 1 I. This implies that the scattering behavior of water ice and frost dominates the single-particle scattering function measured for Rhea, but that the behavior of Europa's regolith may be strongly affected by another variable.
Geologic processes responsible for the modification of Europa's regolith are uncertain, but several have been suggested. Water volcanism (Squyres et al. 1983 ), a solidstate greenhouse (Matson and Brown 1989), micrometeorire gardening (Shoemaker and Wolfe 1982), and ion sputtering and implantation (Lane et al. 1981 ) have all been considered to have possible roles. The young surface age and high porosities deduced from the h values support the gas-driven water volcanism theory, provided the powdery "pyroclastic" ice composes a part of the resurfacing material. The high porosities could also be the result of vapor deposition from a solid-state greenhouse.
Europa's hemispherical albedo dichotomy and spectral properties indicate the presence of other material besides water ice. SO2 detected on the trailing hemisphere is also evidence for magnetospheric interactions (ion implantation) on Europa's surface (Lane et al. 1981) . Each of these processes is capable of producing ice or frost grains with large numbers of internal scatterers. However, it is unclear that they would produce a dominantly backscattering ice or frost grain at these wavelengths.
There are a few ideas which may explain these scattering curves. The differences between the scattering curves of Europa and Rhea may signify that whatever other material is present on Europa dominates the single-particle scattering function measured from disk-integrated observations. The smaller values of the single scattering albedo, w, for Europa rela-LOCKWOOD, AND THOMPSON tive to Rhea support this idea. When the results of Verbiscer et al.'s (1990) work is considered, this "other" component could not be substantially darker than water ice. Alternatively, the explanation for the differences in the single-particle scattering function may simply be that the structure of the frost or ice grains on Rhea are fundamentally different than those seen on other icy satellites. A final explanation may be that the observations on Europa, and even Rhea, are inadequate to measure the narrow forward-scattering lobe of water frost, as evidenced in Figs. 10 and 11. Another indication either that the data coverage needs to be expanded or that the frost/ice structures are different is the similarity in B o values for the two satellites. The Bo values indicate that the material on both surfaces are more transparent than opaque, and perhaps the scattering behavior should also reflect some of this similarity.
The opposition effect parameter, h, as stated earlier, is small for both satellites as compared to the lunar value. The high porosities (>90%) implied by these values is the strongest indicator that ice and rock, even under outer solar system conditions, do not behave similarly. Rhea's high regolith porosity shows that impact-generated ice regoliths have a different texture than impact-generated rock regoliths. Chapman and McKinnon (1986) suggested that such a difference may result from a larger vapor production during impact into ice than into rock. The results from this study would support a hypothesis that the water vapor produced during impact is redeposited as a porous layer of frost. An alternative explanation for Rhea's high porosity and hemispherical dichotomy is that like Europa, there may be water volcanism occurring on the surface. However, there is no strong geological evidence for this hypothesis.
We conclude that the regoliths of both satellites are compositionally dominated by water ice and frost; however, the single-particle scattering function indicates that the structure of the ice and frosts on these two satellites may be structurally different. Data out at larger phase angles are needed to establish just how different is the scattering behavior of these two icy surfaces. The high photometrically deduced porosities indicate that frost deposition is important on both satellite surfaces. However, the different values of 0 indicate that the macroscopic texture of these frost deposits is rougher on Rhea than on Europa. This suggests that frost deposition is important on icy satellites, regardless of the geologic mechanism producing the frost. 
ACKNOWLEDGMENTS
